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The origin of drug resistance in bacteria can be divided into 
two major groups: resistance that is found in nature and resistance 
that is caused by genetic changes in cells ordinarily sensitive (8). 
How these resistant bacteria arise has been a rather consitently asked 
question for many years. A number of researchers suggested that many 
variational aspects observed in bacteria might be due to mutation and 
selection. Most investigators agree that the genetic constitution of 
a cell sets the limits of resistance within a particular environmental 
situation. They further contend that the genetic endowment of differ¬ 
ent cells in large cell populations is significantly variable, as a 
result of mutation, to permit the operation of selective mechanisms 
in the isolation of resistant strains. 
Mycobacterium avium - M. intracellulare has been shown (34) to 
exhibit an unusual pattern of drug resistance. Woodley et al. (34) 
showed that it was unusual in the respect that strains of this species, 
isolated in circumstances in which selection is not obvious, contain 
resistant bacteria at very high frequency. In addition, each popula¬ 
tion of these bacteria is composed of cells exhibiting a wide range 
of susceptibility to drugs. These data by Woodley et al. (34) suggest 
that drug resistance is not caused by mutation and selection. There 
are other mechanisms which could possibly cause drug resistance in 
the organism. Some of these mechanisms are permeability factors, 
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mutator effects, inducible resistance, or the occurrence of drug- 
resistant factors. 
The mutator gene isolated by Treffers in E. coli increases the 
mutation rate at many chromosomal loci (31, 33). Yanofsky et al. (37) 
showed that mutator genes increase the rate of conversion of adenine 
plus thymine (AT) to cytosine plus guanine (CG) pairs. Mutator 
strains are U-V sensitive but they are not dark nor photo-reactivated. 
David and Newman's (13) calculation showed that the relative U-V sen¬ 
sitivity in mycobacteria decreases in the following order: M. tuber¬ 
culosis, M. fortuitum, M. avium - M. intracellulare, M. phlei, M. 
marinum, M. kansasii, M. smegmatis, and M. flavescens. Photo¬ 
reactivation and dark reactivation were used in conjunction with the 
U-V sensitivity test to see if the unusual drug resistance in M. 
avium - M. intracellulare is caused by a mutator effect. The main 
purpose of this investigation was to determine whether the unusual 
variability in drug resistance of M. avium - M. intracellulare could 
be caused by mutator effects. 
CHAPTER II 
REVIEW OF LITERATURE 
For many years bacteriologists have suggested that many varia¬ 
tional aspects observed in bacteria might be due to mutation and 
selection. A mutant cell is defined by Braun (7) as a cell carrying 
altered information and as such will give rise to mutant clones. 
Braun (7) showed mutation as a rare event which usually occurs at a 
rate between 1 x 10-4 and 1 x 10~10 per bacterium per unit time or per 
generation. This means that, depending on the mutation rate, one 
bacterium in 10,000 or one in 10 billion is apt to be a mutant. Only 
a few of the spontaneously occurring mutations are usually detected, 
unless by selection the environment is made suitable for the estab¬ 
lishment of the mutant in the population in which it has occurred. 
Screening procedures employing selective environments have been 
extremely valuable in the demonstration of the occurrence of spon¬ 
taneous undirected mutations in bacteria. Luria and Delbruck (25) 
submitted experimental evidence for the spontaneous occurrence of 
bacterial variation. Their evidence was based on a test that was 
designated the fluctuation test. 
The principle of the fluctuation test is: if resistant variants 
arise because of contact with a bacteriophage (adaptation), it should 
not make any difference whether populations exposed to the bacterio¬ 
phage came from a series of similar cultures or from one culture. At 
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the time of exposure to the bacteriophage, all cells would presumably 
be sensitive and the number of resistant bacteria obtained from a 
series of similar samples should show only the fluctuation due to 
sampling error regardless of whether they come from a series of 
parallel cultures or from replicate sampling of a single culture. On 
the other hand, if resistant bacteria arise spontaneously prior to 
the exposure to the bacteriophage, a series of similar cultures will 
yield results different from those obtained with a series of samples 
from one culture. 
Newcombe (27) designed an experiment which would permit a 
differentiation between the possibility that phage-resistant variants 
arise due to the exposure to the specific phage-containing environ¬ 
ment (direct adaption hypothesis) and the possibility that phage- 
resistant variants arise spontaneously during normal growth in the 
absence of phage (spontaneous mutation hypothesis). If the resistant 
variants developed due to contact with the phage ("direct adaptation" 
hypothesis), it should make no difference whether or not plates were 
spread prior to spraying with phage; all bacteria present at the end 
of the initial growth period could be assumed to be phage-susceptible 
and spreading would only result in the redistribution of members of a 
homogenous population. Therefore, according to the "direct adapta¬ 
tion" hypothesis, no significant differences in final colony counts 
(colonies developing from phage resistant cells) would be expected 
between spread and unspread plates. In contrast, if phage-resistant 
variants arise spontaneously in the absence of phage (mutation 
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hypothesis), both resistant and susceptible cells should be present 
after the initial growth period, provided a sufficient population size 
has been reached at the time of phage-spraying. This experiment con¬ 
firms that phage-resistant variants arise by a spontaneous change 
prior to exposure to phage. 
The techniques performed by Luria and Delbruck (25) and Newcombe 
(27) have, as one of its features, the use of selective conditions 
which prevent the multiplication of the parent cells, but allow the 
growth of the mutants, thus permitting the detection of a few mutants 
among many parent cells. Both of their techniques showed that 
bacteria variation could be due to mutation and selection. 
The most direct method of demonstrating the undirected spontan¬ 
eous origin of bacterial mutants would consist of the isolation of 
mutants in the absence of the environmental conditions that favor 
their growth. This ideal situation has been achieved in tests employ¬ 
ing replica plating technique and by sib selection in liquid media 
(22). Lederberg and Lederberg (22) described a very simple method 
that permits the transfer or replica plating of bacterial growth from 
one initial plate to corresponding sites on a series of other plates. 
With this experimental method, these authors have confirmed previous 
observations regarding the clonal occurrence of bacteria variants 
which indicates that such variants arise spontaneously and independ¬ 
ently of a specific environment (27). Cavalli-Sforza and Lederberg 
(9) succeeded in a quantitatively more satisfactory isolation of 
mutants in the absence of selective environmental conditions that 
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would favor the growth of these mutants or conceivably induce their 
appearance. 
These authors' method was referred to as sib selection in liquid 
media (9). This method shows that it is possible to select spontane¬ 
ously arising resistant mutants in the absence of antibiotics in the 
environment (9). Cavalli-Sforza and Lederberg (9) provided convincing 
evidence that the fluctuations observed in the earlier analysis by 
Luria and Delbruck (25) were not due to any observed fluctuation of 
environmental conditions among parallel cultures, but reflected a 
random occurrence of spontaneous mutants. 
It is well established that mutation occurs spontaneously in 
growing populations of bacteria at very low but measurable frequencies. 
However, drug resistant organisms can arise at high frequencies in a 
bacterial population by genetic mechanisms in addition to mutation. 
Once a drug resistant mutant has arisen in a bacterial population, the 
mutated gene can be transferred to ether cells by transformation, 
transduction, or conjugation, depending on the type of mechanism 
which is applicable to a particular bacteria. 
In transformation, the recipient cell takes up soluble DNA re¬ 
leased from the donor cell. Transformation occurs only in bacteria 
which are capable of taking up high molecular weight DNA from the 
medium. Transformation is well known through the classical studies 
of Avery, MacLeod, and McCarty (4) on the production of genetic 
changes in the pneumococcus by treatment with purified DNA. These 
authors isolated the substance responsible for type transformation and 
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identified it as deoxyribonucleic acid. Hotchkiss (17) has shown, by 
similar methods, a stepwise transfer of penicillin resistance in 
pneumococcus. Alexander and Leidy (2) demonstrated that the transfer 
of high streptomycin resistance may be accomplished in Hemophilus 
influenzae as a one-step process if the nucleic acid is obtained 
originally from a fully resistant strain. 
Conjugation has been important for studies in many areas of 
bacterial physiology and genetics by making it possible to create 
strains with different combinations of well-defined mutation. Leder- 
berg worked on a combination of circumstances and made the dramatic 
discovery of a process resembling sexual reproduction in bacteria (20). 
Recombination was found to require cell contact rather than a soluble 
factor as in transformation. Early attempts to detect recombination 
of characteristics following mixed cultivation of mutant strains of 
E. coli, Aerobacter aerogenes, and Phytomonas stewartii yielded nega¬ 
tive results. The first conclusive positive results were obtained by 
Lederbarg and Tatum (23, 24) in studies with mutant strains of E. coli 
K-12. Their results were in general agreement with the idea that the 
tested genes of E. coli K-12 are arranged linearly in definite dis¬ 
tances from each other in one linkage group chromosome and that the 
observed recombination between haploid parent cells occurred by sexual 
fusion. Two major experiments by Jacob and Wollman (18) provided 
evidence for the oriented transfer of chromosomal genes from male to 
female E. coli cells. The first experiment interrupted mating and the 
second deals with the phenomenon of zygotic induction. Zygotic 
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induction is an illustration of the importance of the intracellular 
concentration of repressor. This occurs when a male (Hfr) lysogenic 
bacterium conjugates with a female cell not lysogenic for the same 
prophage. The chromosome from the male cell penetrates the female 
cell carrying the prophage with it. Cytoplasmic exchange does not 
take place and, therefore, the prophage from the male cell is in an 
environment where there is no repressor. 
Interrupted mating was first demonstrated by Jacob and Wollman 
(18). In 1955, it was determined that two minutes of agitation in a 
Waring blender sufficed to separate bacteria undergoing the process 
of «onjugation. From this experiment they concluded that there is no 
definable beginning and end to the bacterial chromosome. 
Transduction is the transfer of genetic material from one bacter¬ 
ial cell to another by bacterial viruses (bacteriophage). Generalized 
transduction was discovered by Zinder and Lederberg (38) during a 
search for conjugation in Salmonella. Transducing particles are 
ordinarily defective, but this feature was not immediately clear after 
the discovery of transduction. The defectiveness of the transducing 
particles was demonstrated by Luria and Franklin (26) using the simple 
device of low overall multiplicity of infection. Early studies also 
demonstrated that, in what is now known as complete and generalized 
transduction, the fragment of bacterial information introduced via 
phage can replace, rather than add to the pre-existing information in 
the transductants (21). The transfer of chromosomal genes by trans¬ 
formation, conjugation or transduction probably occur at low 
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frequencies in nature. 
Episome and mutator genes are genetic mechanisms that allow high 
frequency of drug resistance. An episome of unusual interest was dis¬ 
covered in 1959 in Japan as a consequence of widespread chemotherapy 
of bacillary dysentery. The agents responsible, the so-called 
R-factors, have been extensively investigated in Japan, particularly 
by Watanabe (35). He proved the R-factor to be episomes that closely 
resemble an F' agent in many respects. Each consists of two distin¬ 
guishable parts; a transfer agent, called the resistance-transfer 
factor, together with attached genes for drug resistance (R genes). 
He established that transfer is by conjugation, since it requires cell 
contact and can be interrupted mechanically, also the agent can be in¬ 
tegrated, but it is usually transferred without the accompanying 
chromosomal genes. Watanabe recognized that the RTF is capable of 
initiating conjugation and controlling the simultaneous transfer of 
resistance to several distinct antibiotics. He postulated that the 
RTF met all the specifications of an episome, replicon or conjugon, 
meaning it can exist as an independent replicating element, autonomous 
of the bacterial chromosome, or it can enter into direct association 
with a specific chromosomal site (35). Once a bacterium carring an 
RTF is introduced in population of sensitive bacteria, the population 
will become very rapidly resistant. 
Another mechanism whereby drug resistance may occur at high fre¬ 
quency is associated with the mutator gene. The mutator gene isolated 
by Treffers et al. (33) in E. coli, increases the mutation rate at 
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many chromosomal loci. Treffers' mutator genes can increase mutation 
rates. Yanofsky et al. (37) have provided experimental evidence which 
shows that mutator genes present in a strain of E. coli cause changes 
affecting single sites in a manner comparable to the effects of base 
analogues. 
CHAPTER III 
MATERIALS AND METHODS 
Bacterial Strain and Conditions of Growth 
CDC's strain 931-72 of M. avium - M. intracellulare was used in 
all experiments. The cells were grown in Middlebrook and Cohn 7H9 
medium (Difco) containing 0.05% Tween 80 and the ADC enrichment. The 
cultures were grown in 5 and 50 milliliters (ml) volumes of 7H9 
medium. The large volumes were dispensed in 500 ml nephelometric 
flasks and the small cultures were grown in screw capped tubes 
(16 x 125 mm). All stationary cultures were incubated at 35 - 36 C 
in an atmosphere of 5 - 10% carbon dioxide. Drug resistant cells 
were identified by inoculating appropriate dilutions of the cultures 
in liquid medium onto the surface of Middlebrook 7H10 agar medium 
(Difco) containing appropriate concentrations of the drugs. The 
inoculated drug plates were incubated for three weeks before reading. 
Rifampin Susceptibility Testing 
In preparing the medium incorporating rifampin (Rif), a 1 p-g/ml 
solution was made by dissolving the drug in dimethyl sulfoxide (10% 
of the total volume of the solution). The solution was then steri¬ 
lized by filtration through a 0.45 micron filter (Millipore Corp.). 
Middlebrook 7H10 agar medium was used. After autoclaving and cooling 
the medium to 52 C, 0ADC enrichment (Difco) was added and then a 
sterilized solution of Rif was added to the desired concentration. 
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The medium was then dispensed in 5.0 ml amounts to quadrant plates 
(Falcon Plastics, Oxnard, CA). 
To perform the susceptibility test, the strain was grown in 
Middlebrook 7H9 liquid medium containing ADC enrichment and 0.05% 
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Tween 80. Ten-day-old cultures were diluted 10" to 10 and 0.1 ml 
of each dilution was inoculated onto the solid medium containing the 
drug. The medium was then dispensed in 5.0 ml amounts to quadrant 
plates (Falcon Plastics, Oxnard, CA). The plates were placed indi¬ 
vidually in CO2 permeable plastic bags (Control Center Corp., Dora- 
ville, GA) and were incubated for three weeks at 37 C and readings 
were then taken. 
Isoniazid Susceptibility Testing 
In preparing the isoniazid medium (INH), a 1 p,g/ml solution was 
made by dissolving the appropriate amounts in water. The procedure 
for the INH susceptibility test is the same as that described for Rif. 
Mutation Rates; The Luria-Delbruck1s Fluctuation Analysis 
Mutation rates were calculated by Luria-Delbruck's Fluctuation 
Analysis (25). After ten days of growth of a 5.0 ml culture in 7H9 
C *7 
broth a series of 10-fold dilutions were made. The 10” and 10 
dilutions were plated out in the amount of 0.1 ml on five 7H10 
quadrant plates, each giving 20 replicates of each dilution. These 
plates were incubated for three weeks. The results from these plates 
were used to evaluate the reliabilityof the testing procedure. 
From the original 10“^ and 10 ^ dilution, 0.1 ml of each was 
transferred to 20 tubes containing 5.0 ml of 7H9 broth. These tubes 
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were incubated for 21 days and then 0.1 ml of each culture was inocu¬ 
lated on drug media containing 1 p,g/ml of Rif and 5 jig/ml of INH. 
One tube was selected at random and diluted and plated on drug-free 
7H10 medium. 
The mutation rates were calculated by the Luria and Delbruck 
formula [r = a*Nt*ln(Nt*c*a)], in which a is the mutation rate, r - 
the average number of mutants, Nt - the total number of cells at the 
time of the test, and c - the number of cultures tested. 
Ultraviolet Light Irradiation 
A 9-day-old cell suspension in 7H9 liquid medium is used in 
this part of the experiment. About 10 ml of the cell suspension were 
mixed and poured into a petri dish. For ultraviolet light irradia¬ 
tion (UV), the culture was placed about 10 cm away from a 15-W General 
Electric G 15 T 8 low pressure mercury vapor germicidal lamp to be 
irradiated. The dose rate was 40 ergs/sec/nm^. Prior to irradiation, 
a 0.5 ml sample of the culture was removed and added to 4.5 ml of 
distilled water (l/lO dilution) and 10"^ down to 10"^ dilutions were 
made. These dilutions were plated onto 7H10 agar medium in the 
amount of 0.1 ml for the zero time population. The rest of the cul¬ 
ture was irradiated for 10 seconds and a sample withdrawn for dilution 
and plating. This process was repeated at 10-second intervals until 
the culture was irradiated up to 120 seconds. The irradiated dilu¬ 
tions were divided into two sets, one for controls and one for photo¬ 
reactivation. One set (control) was wrapped in foil immediately 
after plating and the other set (photoreactivation) was exposed to 
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fluorescent light from a 40-W Cool White Westinghouse tube located 
40 inches from the surface of the medium for 1 hour. The same 
dilution blanks that were used for the photoreactivation and control 
were kept in the dark for 2 hours. Dilutions were then plated and 
wrapped in foil. This third set of plates tested dark reactivation. 
All three sets of these plates were incubated for 21 days. The 
whole experiment was performed in the dark. 
Selection of Resistant Cells 
Direct selection was performed using two drugs, Rif (l [xg) and 
INH (5 jig/ml). INH was added in the amount of 0.1 ml of a 25.0 |ig/ml 
solution to 5 ml of 7H9 broth culture to give a final concentration 
of 5 fig/ml and Rif was added in the amount of 0.1 ml of a 5.0 p,g/ml 
solution to 5 ml of 7H9 broth culture to give a final concentration 
of 1 pg/ml. 
Surface plate counts of viable cells on drug free drug con¬ 
taining media were then taken immediately after the addition of the 
drug (time 0) and at 2, 4, 7, 9, 11, and 14 days thereafter. 
Uptake of Isoniazid 
Two 500 ml nephelometric flasks containing a broth culture of 
60 ml of 7H9 medium were shaken on a 37 C water bath for 7 to 10 
days. These two cultures were then centrifuged, added together and 
resuspended in 50 ml of fresh 7H9 broth medium. This suspension 
Q 
contained approximately 10' cells per ml. The new suspension was 
incubated at 37 C for 24 hours. This 50 ml culture was divided into 
three 15 ml volumes in 50 ml flasks. These individual amounts were 
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used in three different uptake experiments (5). 
In experiment A the 'L4C-isoniazid 320 |ig/ml of INH and 25 |ic/ml 
of was added to the desired concentration. One ml amounts were 
withdrawn at zero time and at 10-minute intervals up to 90 minutes. 
Those cells which were removed by filtration through a Millipore 
filter 0.80 micropore were washed with 50 ml of 7H9 broth medium. 
These filters were placed in separate scintillation counter vials 
containing 15 ml of solubilizer phase combining system-AmershaiV 
Searle filter in about 20 minutes. After 1 hour it was ready to be 
counted on the scintillation counter (Nuclear-Chicago Liquid Scintil¬ 
lation Counter Unilux I Series Model 6850 Ambient Temperature). 
Experiment B was carried out similarly to experiment A except 
unlabeled INH (0.1 p,g/ml)was added followed by labeled INH which was 
added 30 minutes later. 
Experiment C contained Rif (0.1 jxg). After 10 minutes un¬ 
labeled INH (0.1 jig/ml) was added followed after 30 minutes with 
labeled INH. The same procedure was used as in the initial experi¬ 
ment. 
Formation of INH Derivative 
14C INH (a final concentration of 5 pg/ml of INH with 0.405 
p,c/ml of C14) was added to a 10-day old culture of M- avium - M. 
intracellulare and to fresh 7H9 broth media. The 7H9 broth served 
as a control. These two samples incubated for one hour and then 
10. \ of each was placed 6 cm away from each other, about 10 cm away 
from the top of the chromatography paper (Whatman #1) and 35 cm from 
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the bottom of the paper. The chromatography paper was placed in a 
chromatography jar with the top end of the paper placed into a 
bridge containing about 50 ml of a N-butanol acetic acid solvent 
(Acetic acid 130 ml, N-butanol 120 ml and water 50 ml). The solvent 
descended over the paper for approximately 18 hours. The paper was 
removed and dried at room temperature for 2 hours. This paper was 
cut into 35 one cm strips which were counted in Aquaflou (Amersham/ 
Searle) on the scintillation counter. 
Biological Activation Test 
INH was added to a 3 day old M. avium - M. intracellulare cul¬ 
ture to a final concentration of 5 pg/ml. After the addition of the 
drug the culture was incubated for 1 hour. A fresh 7H9 broth medium 
was also made to a final concentration at 5 pg/ml and incubated for 
1 hour. After the incubation period the drug solution was filtered 
(0.45 micron filter) (Millipore). A rapid growing INH sensitive 
Mycobacterium strain was streaked confluently on a Dubos Medium 
Albumin (DMA) agar medium (Difco). Two small metal cylinders were 
spaced equally on the DMA plate. One of the cylinders was filled 
with 8 drops of the filtrate from the culture plus drug and the other 
one with the filtrate from the 7H9 plus drug and incubated at 37 C 
for 4 days. 
Isobologram Technique 
The isobologram technique used in these experiments measures 
the combined antimycobacterial activity of INH and Rif when used 
together. The organisms used in this experiment were selected for 
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resistance to either INH or Rif. The bacteria were grown in 7H9 
liquid medium for 10 days with 5.0 (jig/ml of INH and 1 fig/ml of Rif. 
After 10 days each culture was transferred to fresh medium containing 
the same concentration of drugs. This was done for three cycles of 
selection. 
Five different dilutions of INH (0.5 (xg/ml, 1.0 fig/ml, 5.0 
jig/ml, 10 fig/ml, and 100 fig/ml) were added in various combinations to 
7H10 agar medium. A 0.1 ml amount of the selected resistant culture 
was plated on the corresponding drug plate. The number of colonies 




This study was made in order to explore the hypothesis that 
the unusual pattern of drug resistance in M. avium - M. intracellu- 
lare could be caused by a mutator effect. The results of fluctuation 
tests applied to M. avium - M. intracellulare are depicted in Table 1. 
The populations of M. avium - M. intracellulare were tested at three 
concentrations of Rif and three concentrations of INH. The mutation 
rate for Rif was found to be about 4.6 x 10”^ mutations per bacterium 
per generation (average of the three fluctuation analysis shown). 
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The mutation rate for INH was found to be about 2.3 x 10 mutations 
per bacterium per generation. These results show that the mutation 
frequencies in this organism do not differ significantly from that 
calculated for M. ranae (10); M. tuberculosis (10, 11); M. kansasii 
and M. marium (34). 
Sensitivity to U-V Radiation 
The mutation rates for INH in M. ranae and M. tuberculosis were 
reported to be respectively 3.5 x lO-^1 and 2.56 x 10 ^ (10, 12), and 
i 
the mutation rates for Rif resistance in M. tuberculosis, M. kansasii 
and M. marinum (34) were shown to be respectively 3.32 x 10“^, 9.9 
x IQ"10, and 1.7 x 10"^ mutations per bacterium per generation. Al¬ 
though the comparison of the mutation rates appear to rule out mutator 
18 
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Table 1. Fluctuation analysis of rifampin and isoniazid resistance 
in M. avium - M. intracellulare. 
Experiment 
10 jjtg Rif (small colonies) 
10 [xg Rif (large colonies) 
25 p,g INH ( small colonies) 
50 |ig Rif 
5 p,g INH 
100 \ig INH 
1.2 X 10-9 24.6 4.88 X 10“7 




























1 25.0 4.4 X 10-6 








a = mutation rates per bacterium 
b = number of generations that elapsed 
c = proportion of mutant per bacterium per generation 
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effects in M. avium - M. intracellulare, it seemed necessary to 
analyze the problem further. Mutator strains are usually more sensi¬ 
tive to U-V radiation than their wild type parental counterparts 
(14, 36), and lack the ability to repair the damage imparted by 
radiation to the DNA (30, 36). We thought that these observations 
could be used advantagously as a means to substantiate the notion 
shown by the analyses of the mutation rates that M. avium - M. 
intracellulare do not carry mutator genes. 
The U-V survival curve of M. avium - M. intracellulare is 
shown in Fig. 1. The curve shows a smoothly downward shoulder at 
the lower doses of radiation and becomes linear when the dose reaches 
a threshold value at 40 or 50 seconds of exposure. The surviving 
fraction of organisms representing the control, dark reactivation 
and photo-reactivation were plotted against time. It can be seen 
that the organism is capable of repairing the U-V damage to the DNA. 
Indeed, in the photo-reactivation experiment a higher dose of ultra¬ 
violet radiation was necessary to kill the same number of bacteria 
in the control series. However, we were unable to demonstrate dark 
repair in this strain. The results of this experiment also yield 
evidence to support the absence of mutator effects in M. avium - M. 
intracellulare. 
Direct Selection of Resistant Bacteria 
The rate of increase in the proportion of drug-resistant bac¬ 
teria in populations exposed to INH and Rif must also give some in¬ 
formation about the nature of drug resistance. Thus, if resistance 
Fig. 1. The ultraviolet survival curve for M. avium - M. 
intracellulare. The surviving fraction is plotted 
on a log scale versus the ultraviolet dose given 
in 40 ergs/sec/mm^. The control plates ( • ) 
were wrapped in foil immediately; the photoreacti¬ 
vation plates ( 4- ) were exposed to 1 hour of 
light; and the dark reactivation plates ( o ) were 
plated and wrapped in foil after the dilution blanks 



















in M. avium - M. intracellulare is caused by a mutation that does not 
affect the growth rate, then the concentration of the resistant cells 
in medium containing the selective agent must increase at a rate con¬ 
sistent with the growth rate constant (3). On the other hand, if 
resistance is caused by induction, for example, of an enzyme that 
inactivates the drug, then virtually every cell in the population 
will become resistant after a relatively short period of exposure (3). 
Fig. 2 shows that when M. avium - M. intracellulare was exposed to 
Rif and surface plate counts onto drug-free and drug containing media 
were taken at regular intervals, it was observed that the proportion 
of Rif resistant cells doubled after 4 days. 
The results obtained in an identical experiment with INH (Fig. 3) 
were quite surprising. Contrary to our expectations, the proportion 
of drug-resistant bacteria in the population decreased as a function 
of the time of exposure. These results suggested two hypotheses: 
first, a transport system could have been induced and larger amounts 
of drug would accumulate in the cells; or, the drug could have been 
converted into a more active derivative. 
Uptake of INH 
Since the above experiment indicated that resistance of M. 
avium - M. intracellulare to INH could be due to a change in per¬ 
meability or an induction phenomenon, an experiment on the uptake 
14 
of INH was performed. Fig. 4 represents three experiments: (A) C 
label INH, (B) Cold INH plus ^4C INH, and (c) Rif plus INH Cold plus 
•'•4C. Fig. 4 shows that approximately the same amount of INH is taken 
Fig. 2. The growth and survival curves for M. avium - M. 
intracellulare exposure to 1.0 pg/ml of rifampin. 
Total number of colony forming units from 7H10 
plates is plotted on a log scale versus time in 
days of exposure to 1.0 pg/ml of Rif in 7H9 
broth ( • ). The survival curve shows the pro¬ 
portion of colony forming units from 7H10 plates 
containing a 1.0 pg/ml concentration of Rif 
plotted on a log scale versus time in days of 



















































Fig. 3. The growth and survival curves for M. avium - M. 
intracellulare exposed to 5.0 jig/ml of INH. 
To'tal number of colony forming units from 7H10 
plates is plotted on a log scale versus time in 
days of exposure to 5.0 |xg/ml of INH in 7H9 
broth ( • ). The survival curve shows the pro¬ 
portion of colony forming units from 7H10 plates 
containing a 5.0 pg/ml concentration of INH 
plotted on a log scale versus time in days of 




















































Fig. 4. The uptake of 14C INH: (a) 14C INH, (b) cold 
INH plus 14C INH, and (c) Rif plus cold INH 
14 14 
plus C INH. The C INH uptake in counts 
per minute (cpm) is plotted against time. 
Experiment A, “ C INH ( o ); Experiment B, 
cold INH plus •1’4C INH ( • ) ; and Experiment 














up in each experiment. 
Formation of INH Derivative and Biological Activation Test 
The second hypothesis, that of induction, would be indicated 
by the conversion of the drug into a more active derivative. The 
addition of ■*-^C INH in the desired concentration to a 10-day old 
culture of M. avium - M. intracellulare resulted in the appearance 
of a labeled compound migrating on paper chromatography at a position 
different from INH (Fig. 5). These data indicated that the organ¬ 
ism produced an enzyme that changed INH. To determine if the deriva¬ 
tive was a biologically inactive compound or a compound more active 
than INH, the experiment summarized in Table 2 was performed. These 
data show that the exposure of INH to M. avium - M. intracellulare 
resulted in the loss of activity. 
Combination of Drugs 
On the basis of previous data in the literature concerning the 
interpretation of drug combinations analyzed by the isobologram test, 
it seemed proper to review this subject. The isobologram technique 
used in these experiments measured the combined antimycobacterial 
activity of isoniazid and a second antimycobacterial drug against M. 
avium - M. intracellulare. Fig. 6 shows the survival of M. avium - 
M. intracellulare using the concentration of 0.01 p,g/ml of Rif and 
various concentrations of INH (0.1, 0.5, 1.0, 5.0, 10.0, and 100.0 
p,g/ml). In this figure, the log of the surviving fraction is plotted 
against the log of the concentration of INH stated above. From this 
figure we can see that a combination of 0.01 pg/ml of Rif and 
Fig. 5. The migration of INH and its derivative. The 
14 
separation of C INH after 1 hour incubation 
with a 10-day old M. avium - M. intracellulare 
culture is shown by plotting counts per minute 
14 
against counts per centimeter. C INH was 















Table 2. The effects of M. avium - M. intracellulare on the zone 
size of INH inhibition of a sensitive strain of 
mycobacteria. 
INH concentration Type of solution Zone3 (mm) 
1.0 jxg/ml 
T_ 
organism0 + 7H9 22 
1.0 jig/rnl 7H9 25 
1.0 jxg/ ml organism'3 + 7H9 20 
1.0 pg/ml 7H9 22 
a = measurement in millimeters 
b = M. avium - M. intracellulare 
Fig. 6. The combined action of 0.01 fig/ml of Rif and 
various concentrations of INH. The log-log 
plot of the surviving fraction from the com¬ 
bined action of 0.01 jig/ml Rif and various 








































100 fig/ml of INH give 100% resistance. Fig. 7 was plotted the same 
as described for Fig. 2 but a concentration of 0.1 [ig/ml of Rif is 
used. From this figure we can assume that a combination of 0.1 p,g/ml 
of Rif combined with 10.0 and 100.0 jig/ml of INH will give 100% 
resistance. Fig. 8 is the same as Fig. 2 except for a concentration 
of 1.0 p,g/ml of Rif. From this figure you can see 100% resistance 
when 1.0 jig/ml of Rif is used with 5.0, 10.0 and 100.0 [xg/ml of INH. 
Fig. 9 and 10 employed 10.0 and 50.0 p,g/ml of Rif. The combination 
of these two concentrations of Rif with various concentrations of 
INH give 100% resistance. Fig. 11 shows the log of the concentration 
of Rif versus the log of INH concentration. This figure shows the 
combination of INH and Rif that gives at least 99% inhibition of 
colony forming units. This combination of INH and Rif resulted in an 
additive effect (28). Interpreting the data by using the criteria 
mentioned by Jawetz (19) and Sabath (28), it is clear that the com¬ 
bination of 1.0 pg/ml INH and 1.0 [jg/ml Rif gives an additive effect. 
An additive effect occurred when the effect of the combination 
equalled the effect of the single, more active component of the mix¬ 
ture or the arithmetic sum of the effects of the two individual drugs. 
Fig. 7. The combined action of 0.1 pg/ml of Rif and 
various concentrations of INH. The log-log 
plot of the surviving fraction from the 
combined action of 0.1 p,g/ml Rif and various 







































Fig. 8. The combined action of 1.0 p,g/ml of Rif and 
various concentrations of INH. The log-log 
plot of the surviving fraction from the 
combined action of 1.0 jig/ml Rif and various 







































Fig. 9. The combined action of 10.0 p,g/ml of Rif and 
various concentrations of INH. The log-log 
plot of the surviving fraction from the com¬ 
bined action of 10.0 p,g/ml Rif and various 







































Fig. 10. The combined action of 50.0 p,g/ml of Rif and 
various concentrations of INH. The log-log 
plot of the surviving fraction from the com¬ 
bined action of 50.0 jig/ml Rif and various 
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Fig. 11. Isobologram showing the combination of INH and 
Rif that gives at least 99% inhibition of colony 
forming units. These combinations results in 
























DISCUSSION AND CONCLUSIONS 
On the basis of our results, the high frequency of drug resist¬ 
ance in M. avium - M. intracellulare is not caused by a mutator 
effect (14, 33). Episornes and mutator genes are genetic mechanisms 
that allow high frequency of drug resistance. Watanabe recognized 
that the RTF (episome) is capable of initiating conjugation and con¬ 
trolling the simultaneous transfer of resistance to several antibiotics 
(35). The mutator genes identified by Treffers in E. coli increase the 
mutation rate at many chromosomal loci. The mutation rates in M. 
avium - M. intracellulare obtained from the fluctuation test are with¬ 
in the range expected for bacteria. Thus, mutation rates for M. 
avium - M. intracellulare fell into the range established by Braun (7) 
_Q -9 
(Rif = 4.6 x 10 and INH = 2.3 x 10 mutations per bacterium per 
generation). 
Usually mutator strains are unable to repair UV lesions (6, 30). 
Mutator strains are UV sensitive, but they are not capable of photo¬ 
reactivation nor dark repair; the strain used in this report was 
capable of photo-reactivation. This is additional evidence for the 
absence of mutator effects. 
In performing the isobologram, one must be sure that the organ¬ 
ism is 100% resistant to one of the drugs. My results indicate that 
if the population is resistant to one of the drugs, the growth inhibi¬ 
tion by the combination is caused by the second drug (28). From the 
36 
37 
reports of earlier investigators, it is clear that the bacteria popu¬ 
lation was not made up of a resistant clone, but a mixture of sensi¬ 
tive and resistant cells at various proportions; therefore, we feel 
that the evidence for the existence of a synergistic effect, as 
reported, is questionable (15, 19, 28, 32). 
Concerning other mechanisms by which bacteria may become re¬ 
sistant, we found that M. avium - M. intracellulare alters INH. 
There are two existing possibilities by which microorganisms, whether 
they are resistant or not in a strict sense, can escape destruction 
by chemical effect: inactivation of the drug by chemical change of 
the active molecules or inactivation of the drug by the formation of 
antagonists (29). The results of the paper chromatography indicated 
that M. avium - M. intracellulare may produce an enzyme that converts 
INH. The most important example of an enzyme with specific inactivat¬ 
ing properties for a specific drug is penicillinase (l) which is pro¬ 
duced by a number of organisms which do not respond to the antibac¬ 
terial activity of penicillin. The biological test performed to 
determine if this derivative was a biologically inactive compound or 
a compound more active than INH explained, in part, the mechanism of 
resistance to INH. This test showed that the exposure of INH to 
bacteria results in the loss of activity. 
If it is possible to isolate the enzyme or enzymes that are 
responsible for the loss of activity in the drug INH, through bio¬ 
chemical tests, an inducer could be made to block the production of 
this enzyme. With the inhibition of this enzyme, INH would be more 
38 
active against the organism, therefore becoming a better drug to 
treat a patient with tuberculosis caused by M. avium - M. intracellu- 
lare. 
Although we have not elucidated the nature of drug resistance 
in M. avium - M. intracellulare, our studies indicated that the 
occurrence of a mutator effect is a very unlikely explanation for 
the high frequencies of drug resistance observed in strains of M. 
avium - M. intracellulare isolated from patients. 
CHAPTER VI 
SUMMARY 
The results of the fluctuation analysis and the ultraviolet 
sensitivity test indicated that the occurrence of a mutator effect 
is a very unlikely explanation for the high frequencies of drug 
resistance observed in strains of M. avium - M. intracellulare. 
Paper chromatography showed that when this organism is exposed to 
the drug INH, INH is converted into a derivative. Biological tests 
indicated that the exposure of INH to M. avium - M. intracellulare 
resulted in the loss of activity. These phenomena can explain, in 
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